Influenza is an infectious respiratory disease affecting many bird and mammal species ([@bib22]; [@bib41]). Clinically, the most common symptoms include cough, fever, headache, and weakness ([@bib31]). These symptoms are often accompanied by gastroenteritis-like symptoms in many influenza patients, such as abdominal pain, nausea, vomiting, and diarrhea, especially in young children ([@bib1]; [@bib44]; [@bib6]). However, the immune mechanisms underlying these clinical manifestations in the intestine during a lung-tropic viral influenza infection remain unclear.

The intestinal tracts in humans and other animals are inhabited by hundreds of diverse species of commensal bacteria, which are essential in shaping intestinal immune responses during both health and disease ([@bib13]; [@bib3]). Distinct components of commensal bacteria were associated with special status of the immune system. Although most commensal bacteria are beneficial ([@bib15]), a few can be potentially harmful in some conditions; for example, some commensal bacteria have been suggested to influence susceptibility to inflammatory bowel disease (IBD; [@bib10]; [@bib28]). Thus, when conditions in the host are unfavorable, such as during infection, the resulting changes within the intestinal tract environment may promote growth of the harmful bacteria that induce intestinal disease.

It is well known that the respiratory and intestinal tracts are both mucosal tissues. Over 30 years ago, John Bienenstock hypothesized that the immune cells and structures contained in mucosal tissues were universally connected within the whole body. This "common mucosal immune system" concept speculated that the mucosal immune system was itself an "organ" in which the mucosal immune cells distributed throughout the body could interplay between or among different mucosal tissues or organs ([@bib29]; [@bib30]). Although this term was coined three decades ago, appreciation of its importance is only just beginning. Much was learned from the numerous studies conducted on the mucosal immune system during this time, which mainly focused on understanding its individual components ([@bib12]; [@bib42]). Although a few studies have suggested that the mucosal immune system is a system-wide organ ([@bib9]; [@bib45]), some questions still need to be clarified. For example, how do the different components affect each other, and how is cross talk achieved among the various mucosal sites ([@bib11])?

In this study, we found that lymphocytes derived from the respiratory mucosa specifically migrated into the intestinal mucosa during respiratory influenza infection by the CCL25--CCR9 chemokine axis and destroyed the intestinal microbiota homeostasis in the small intestine, finally leading to intestinal immune injury. Our findings may provide new insights into not only the mechanisms underlying intestinal immune injury induced by influenza infection of the lung but also the interplay of immune cells between or among different mucosal sites.

RESULTS
=======

Intranasal (i.n.), but not intragastric (i.g.), infection with influenza virus causes intestinal immune injury
--------------------------------------------------------------------------------------------------------------

To test whether intestinal injury was also a feature in a mouse model of influenza, we infected mice i.n. with the A/PR/8/34 (PR8) influenza virus strain. Indeed, their body weight gradually decreased from days 2 to 9 as compared with saline-treated controls, which maintained their body weight over the same period ([Fig. 1 A](#fig1){ref-type="fig"}). Furthermore, both the lung and small intestine had severe injury after PR8 infection ([Fig. 1 B](#fig1){ref-type="fig"}). Colon length was shortened ([Fig. 1 C](#fig1){ref-type="fig"}) and mild diarrhea occurred ([Fig. 1 D](#fig1){ref-type="fig"}), further indicating intestinal injury ([@bib50]; [@bib32]). In contrast, nonmucosal liver and kidney tissues appeared normal after PR8 infection ([Fig. 1 E](#fig1){ref-type="fig"}), which was also supported by ALT and BUN analysis ([Fig. 1 F](#fig1){ref-type="fig"}). Together, these data indicate that respiratory influenza infection causes severe immune injury not only in the lung but also in the intestine.

![**Respiratory influenza virus infection causes lung and intestinal immune injury.** C57BL/6 mice were i.n. infected with saline or 0.1 HA of PR8. (A) Body weight was monitored after PR8 infection. (B) The pathology of lung and small intestine was assayed after PR8 infection. (C) The length of colon was recorded after PR8 infection. (D) The severity of the diarrhea was scored after PR8 infection (0, normal stool or absent; 1, slightly wet and soft stool; 2, wet and unformed stool with moderate perianal staining of the coat; and 3, watery stool with severe perianal staining of the coat). (E) The pathology of liver and kidney was assayed after PR8 infection. (F) Serum ALT and BUN levels were measured after PR8 infection (dashed lines represent damage threshold). All tissue sections were stained with H&E. Bars, 100 µm. Data represent three independent experiments with at least five mice/group in A, C, and D or three mice/group in B, E, and F. Data are expressed as mean ± SEM by a Student's *t* test. \*\*\*, P \< 0.001.](JEM_20140625R_Fig1){#fig1}

To rule out the possibility that the influenza virus entered the gastrointestinal tract and directly caused immune injury at this site, we tested for the presence of virus within the small intestine after i.n. infection and found that the influenza virus could not be detected at this site ([Fig. 2 A](#fig2){ref-type="fig"}). To test this possibility in a more rigorous way, we i.g. infected mice with PR8 and found that live virus could be detected in the intestinal contents and intestinal tissues in a short time after infection, and virus was completely cleared from these sites 3 d after infection ([Fig. 2, B and C](#fig2){ref-type="fig"}). However, pathological injury was not found in any of the examined tissues ([Fig. 2, D and E](#fig2){ref-type="fig"}). These results collectively suggest that influenza infection does not directly cause immune injury in the small intestine. Thus, we unexpectedly observed that influenza infection induced severe immune injury within the intestine only when the virus infected the respiratory tract and immune injury occurred in the lung.

![**Influenza virus does not infect the small intestine directly.** (A) C57BL/6 mice were i.n. infected with 0.1 HA of PR8. The levels of the influenza virus--derived matrix protein gene in lung and small intestine were detected by PCR. (B--E) C57BL/6 mice were i.g. infected with saline or 0.1 HA of PR8. Viral titer in intestinal contents was determined by 50% tissue culture infective dose (TCID~50~) assay after PR8 infection (B). The levels of the influenza virus--derived matrix protein gene in small intestine were detected by PCR after PR8 infection (C). The pathology of lung and small intestine was assayed after PR8 infection, and tissue sections were stained with H&E. Bar, 100 µm (D). The length of colon was recorded after PR8 infection (E). Data represent three independent experiments with at least three mice/group in A--E. Data are expressed as mean ± SEM by a Student's *t* test. NS: not significant.](JEM_20140625R_Fig2){#fig2}

Intestinal microbiota is required for influenza-induced intestinal immune injury
--------------------------------------------------------------------------------

Changes in intestinal microbiota are often involved in the occurrence of intestinal inflammation in many mouse models ([@bib25]; [@bib26]). To determine whether intestinal microbiota was involved in influenza--induced intestinal immune injury, we first assayed whether viral infection affected the relative composition of several major bacterial groups within the intestinal microbiota. Although the number of total bacteria remained the same after infection as quantified by both real-time PCR and selective culture ([Fig. 3 A](#fig3){ref-type="fig"}), the numbers of segmented filamentous bacteria (SFB) and *Lactobacillus/Lactococcus* decreased after PR8 infection, whereas the number of *Enterobacteriaceae* increased; moreover, the numbers of mouse intestinal *Bacteroides*, *Eubacterium rectale/Clostridium coccoides*, and *Bacteroides* were unchanged ([Fig. 3 B](#fig3){ref-type="fig"}). We next administered combinatorial antibiotics to the mice via their drinking water to deplete intestinal microbiota ([@bib15]) 4 wk before infecting them with PR8. In antibiotic-treated mice, the lungs still sustained severe immune-mediated injury after PR8 infection, but the small intestine and colon were protected ([Fig. 3, C and D](#fig3){ref-type="fig"}). In another way, transferring intestinal microbiota from PR8-infected mice into healthy WT mice increased the number of *Enterobacteriaceae* and caused intestinal immune injury in recipient mice even in the absence of viral infection as compared with the intestinal microbiota from saline-treated mice ([Fig. 3, E and F](#fig3){ref-type="fig"}). Thus, these data suggest that respiratory influenza infection induces intestinal immune injury by altering the composition of intestinal microbiota.

![**Antibiotic treatment reduces influenza-induced intestinal immune injury.** (A) Bacteria in the small intestine were assayed by real-time PCR and selective culture in blood plate 7 d after PR8 infection. (B) Several major bacterial groups in intestinal microbiota were assayed by real-time PCR 7 d after PR8 infection. (C and D) C57BL/6 mice were subjected to a 4-wk oral treatment of combinatorial antibiotics in drinking water, followed by i.n. infection with saline or 0.1 HA of PR8. The pathology of lung and small intestine was assayed 7 d after PR8 infection (C). The length of colon was recorded 7 d after PR8 infection (D). (E and F) Transfer of intestinal microbiota from saline-treated or PR8-infected mice into healthy WT mice by the i.g. route. Major bacterial groups in the intestinal microbiota (E) and the pathology of small intestine were assayed 6 d later (F). (G) The number of *E. coli* in stool was detected by *E. coli*/Coliform Count Plates 6 d after PR8 infection. (H and I) C57BL/6 mice were subjected to a 1-wk oral treatment of streptomycin in their drinking water and then were i.n. infected with 0.1 HA of PR8. The pathology of lung and small intestine (H) and major bacterial groups in intestinal microbiota (I) were assayed 6 d after PR8 infection. (J) C57BL/6 mice were i.g. infected with saline or 5 × 10^8^ *E.* *coli*, and the pathology of small intestine was assayed 3 d later. All tissue sections were stained with H&E. Bars, 100 µm. Data represent two independent experiments with three mice/group in I and J or three independent experiments with at least three mice/group in A--H. Data are expressed as mean ± SEM by a Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; NS: not significant.](JEM_20140625_Fig3){#fig3}

*Escherichia coli* is an important component of *Enterobacteriaceae*, and pathogenic *E. coli* infection often causes vomiting and diarrhea in humans ([@bib36]). The number of *E. coli* in the intestinal tract significantly increased after PR8 infection ([Fig. 3 G](#fig3){ref-type="fig"}). Treating mice with streptomycin----an antibiotic to which *E. coli* is sensitive----protected mice against PR8 infection-induced immune injury to the small intestine by inhibiting the increase of *Enterobacteriaceae* ([Fig. 3, H and I](#fig3){ref-type="fig"}). Furthermore, directly infecting mice i.g. with *E. coli* caused immune injury in the small intestine ([Fig. 3 J](#fig3){ref-type="fig"}). Thus, these data suggest that the increase of *E. coli* may be the primary cause for intestinal immune injury during influenza infection.

Th17 cells mediate influenza-induced intestinal immune injury
-------------------------------------------------------------

To explore the mechanism by which intestinal bacteria caused intestinal immune injury during influenza infection, many different types of proinflammatory cells involved in intestinal inflammation ([@bib51]; [@bib19]; [@bib23]) were examined. Depletion of NK1.1^+^ by specific antibodies or γδ T cell deficiency could not reduce the PR8 infection-induced intestinal immune injury in our study ([Fig. 4, A and B](#fig4){ref-type="fig"}). However, no intestinal injury was observed in IL-17A^−/−^ mice after PR8 infection ([Fig. 4 C](#fig4){ref-type="fig"}), suggesting that Th17 cells might be involved in influenza-induced intestinal immune injury.

![**IL-17A deficiency reduces influenza-induced immune injury in small intestine but not in lung.** (A) The pathology of lung and small intestine from control and PK136-treated mice was assayed 6 d after PR8 infection. (B) The pathology of lung and small intestine from WT and Tcrd^−/−^ mice was assayed 6 d after PR8 infection. (C) The pathology of lung and small intestine from WT and IL-17A^−/−^ mice was assayed 6 d after PR8 infection. (D) IL-17A and IL-17F expressions in the lung from WT mice were detected by real-time PCR 6 d after PR8 infection. (E) Body weight of WT and IL-17A^−/−^ mice was monitored after PR8 infection. (F) Evans blue dye concentration in BALF from WT and IL-17A^−/−^ mice was determined by spectrophotometer 6 d after PR8 infection. (G and H) Total protein (G) and lactate dehydrogenase (H) levels in BALF from WT and IL-17A^−/−^ mice were determined by ELISA 6 d after PR8 infection. All tissue sections were stained with H&E. Bars, 100 µm. Data represent two independent experiments with five mice/group in E--H or three mice/group in A--D. Data are expressed as mean ± SEM by a Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; NS: not significant.](JEM_20140625_Fig4){#fig4}

To rule out the possibility that lung injury might also be reduced in IL-17A^−/−^ mice after influenza infection, which subsequently resulted in reducing the small intestinal injury indirectly, we compared the degree of the lung injury after influenza infection between WT and IL-17A^−/−^ mice. The results showed that both IL-17F and IL-17A expressions in lung from WT mice were increased after PR8 infection ([Fig. 4 D](#fig4){ref-type="fig"}). Compared with WT mice, IL-17A^−/−^ mice exhibited reduced body weight loss during PR8 infection ([Fig. 4 E](#fig4){ref-type="fig"}). However, the degree of lung leak and the levels of total protein and lactate dehydrogenase in bronchoalveolar lavage fluid (BALF) were not significantly different between WT and IL-17A^−/−^ mice ([Fig. 4, F--H](#fig4){ref-type="fig"}), suggesting that the lung injury did not reduce in IL-17A^−/−^ mice after influenza infection when compared with WT mice. Thus, these data suggest that the decrease of immune injury in the small intestine from IL-17A^−/−^ mice after influenza infection is independent of the decrease of lung injury.

To further determine that Th17 cells were responsible for influenza-induced intestinal immune injury, we detected the expression of Th17-specific transcription factor RORγt and IL-17A and found that their expressions increased in the small intestine after PR8 infection ([Fig. 5 A](#fig5){ref-type="fig"}). The percentage and number of Th17 cells increased in the small intestine and colon after PR8 infection ([Fig. 5, B and C](#fig5){ref-type="fig"}), but not in the liver or kidney ([Fig. 5 D](#fig5){ref-type="fig"}), consistent with previous observations ([@bib7]). Furthermore, treating mice i.p. with a neutralizing anti--IL-17A antibody during PR8 infection effectively reduced intestinal injury ([Fig. 5 E](#fig5){ref-type="fig"}). Together, these data suggest that influenza infection--induced intestinal immune injury is dependent on Th17 cells.

![**Increased Th17 cells occur in the small intestine during influenza virus infection.** (A) RORγt and IL-17A expressions in the small intestine were detected by real-time PCR 7 d after PR8 infection. (B) The percentage and number of Th17 cells in intestinal IEL and LPL were detected 7 d after PR8 infection. (C) The percentage and number of Th17 cells in colonic LPL were detected 7 d after PR8 infection. (D) The number of Th17 cells in liver and kidney was detected 7 d after PR8 infection. (E) C57BL/6 mice were i.p. treated with a neutralizing anti--IL-17A antibody during PR8 infection. The pathology of lung and small intestine was assayed 6 d after PR8 infection, and tissue sections were stained with H&E. Bars, 100 µm. (F) The percentage and number of Th17 cells in IEL and LPL were detected 7 d after PR8 infection in antibiotic-treated mice. (G) Transfer of intestinal microbiota from saline-treated or PR8-infected mice into healthy WT mice by the i.g. route. IL-17A expression in the small intestine was detected by real-time PCR 6 d later. (H) IL-17A expression in the small intestine was detected by real-time PCR at day 6 after PR8 infection in streptomycin-treated mice. Data represent two independent experiments with three mice/group in A, D, E, G, and H or three independent experiments with three mice/group in B, C, and F. Data are expressed as mean ± SEM by a Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; NS: not significant.](JEM_20140625R_Fig5){#fig5}

Because we observed that influenza--induced intestinal immune injury is dependent on both intestinal microbiota and Th17 cells, we wondered whether there was an association between intestinal bacteria and Th17 cells. The results showed that the percentage and number of Th17 cells in the small intestine were unchanged in antibiotic-treated mice after PR8 infection as compared with uninfected control mice ([Fig. 5 F](#fig5){ref-type="fig"}); transferring intestinal microbiota from PR8-infected mice into healthy WT mice promoted IL-17A expression in the small intestine of recipient mice ([Fig. 5 G](#fig5){ref-type="fig"}); and streptomycin treatment inhibited IL-17A expression in the small intestine during PR8 infection ([Fig. 5 H](#fig5){ref-type="fig"}). Collectively, these data suggest that changes in intestinal microbiota induced by influenza infection promote Th17 cell production, which subsequently causes intestinal immune injury.

CCL25/CCR9 mediates the recruitment of lung-derived CD4^+^ T cells into the small intestine
-------------------------------------------------------------------------------------------

Because respiratory influenza infection influences the composition of intestinal microbiota, which subsequently promotes Th17 cell production and causes intestinal immune injury, we wanted to know how respiratory influenza infection destroyed the microecological homeostasis of the intestinal microbiota. Given that influenza infection specifically caused immune injury in the respiratory and intestinal mucosal tissues, but not in the nonmucosal liver or kidney in our study, an interconnected relationship existed between them was intriguing according to the "common mucosal immune system" theory ([@bib29]; [@bib30]). The CCL25 chemokine is expressed by intestinal epithelial cells (IECs) and functions to specifically guide CCR9-expressing effector lymphocytes into the small intestine as a homing mechanism ([@bib2]). Consistent with previous observations, CCL25 expression in the small intestine tissue was much higher than any other tissues, including liver, kidney, and lung ([Fig. 6 A](#fig6){ref-type="fig"}). Treating mice i.v. with a neutralizing anti-CCL25 antibody during PR8 infection reduced intestinal immune injury ([Fig. 6 B](#fig6){ref-type="fig"}), inhibited the changes in intestinal microbiota ([Fig. 6 C](#fig6){ref-type="fig"}), and reduced the number of Th17 cells in the small intestine ([Fig. 6 D](#fig6){ref-type="fig"}). These results suggest that the CCL25--CCR9 axis contributes to altering the composition of the intestinal microbiota after influenza infection and the subsequent development of intestinal inflammation via recruiting effector lymphocytes into the intestinal mucosa.

![**Anti-CCL25 antibody treatment reduces influenza--induced intestinal immune injury.** (A) CCL25 expression in various tissues was detected by real-time PCR 4 d after PR8 infection. (B--D) C57BL/6 mice were i.v. treated with a neutralizing anti-CCL25 antibody during PR8 infection. The pathology of lung and small intestine (B), major bacterial groups in intestinal microbiota (C), and the number of Th17 cells in IEL and LPL were assayed 7 d after PR8 infection (D). (E--G) C57BL/6 mice were i.n. infected with saline or 0.1 HA of PR8. The number of T and B cells in LPL (E), the percentage and number of CCR9^+^CD4^+^ T cells in small intestine (F), and the number of CCR9^+^CD8^+^ T cells in LPL and CCR9^+^CD4^+^ T cells in lung, mediastinal LNs, and mesenteric LNs were assayed 7 d after PR8 infection (G). (H) ALDH1A2 expression in lung was detected by real-time PCR 6 d after PR8 infection. (I) CD4^+^ T cells from the lungs of saline- or PR8-infected CD45.1^+^ mice were adoptively transferred into WT CD45.2^+^ mice, and the percentage of CD45.1^+^CD4^+^ T cells in total CD4^+^ T cells in LPL from recipient CD45.2^+^ mice was detected by flow cytometry 48 h later. (J) C57BL/6 mice were i.n. infected with saline or 0.1 HA of PR8. CD4^+^ T cells in the lung and LPL were purified 6 d later by MACS and then co-cultured with antigen-presenting cells and heat-killed PR8 in an IFN-γ ELISPOT plate. The number of positive spots was counted 20 h later. (K) Parabiotic pairs of WT mice were established first, and the left partner was i.n. infected with PR8 2 wk later. The pathology of small intestine was assayed 6 d after PR8 infection. All tissue sections were stained with H&E. Bars, 100 µm. Data represent three independent experiments with three mice/group in A--H and K or three wells/treatment in J. Data are expressed as mean ± SEM by a Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; NS: not significant.](JEM_20140625_Fig6){#fig6}

Next, we explored which lymphocyte subsets were recruited by CCL25 in our influenza model. Although the total number of T cells increased in the LPL after PR8 infection, the total number of B cells decreased ([Fig. 6 E](#fig6){ref-type="fig"}). Within the T cell population, the CCR9^+^CD4^+^ T cell subset increased ([Fig. 6 F](#fig6){ref-type="fig"}), whereas the CCR9^+^CD8^+^ T cell subset remained unchanged ([Fig. 6 G](#fig6){ref-type="fig"}), indicating that CCR9^+^CD4^+^ T cells might play a key role in altering the intestinal microbiota. Evaluating this subpopulation in other tissues revealed that the number of CCR9^+^CD4^+^ T cells was significantly increased in the lung and in the mediastinal LNs after PR8 infection, but not in the mesenteric LNs ([Fig. 6 G](#fig6){ref-type="fig"}), suggesting that the lung and mediastinal LNs might be the main sources of CCR9^+^CD4^+^ T cells recruited to the small intestine during PR8 infection. Retinoic acid is reported to promote the expression of CCR9 on T cells ([@bib37]), and the production of retinoic acid is regulated by the aldehyde dehydrogenase (ALDH) 1A2 ([@bib49]). In our study, the expression of ALDH1A2 in lung increased after influenza infection ([Fig. 6 H](#fig6){ref-type="fig"}), suggesting that the increase of retinoic acid in lung after influenza infection might be responsible for promoting the CCR9 expression on lung CD4^+^ T cells.

To determine whether influenza infection--activated lung CD4^+^ T cells tended to migrate into the small intestine, we adoptively transferred lung CD4^+^ T cells from saline- or PR8-infected CD45.1^+^ mice into recipient WT CD45.2^+^ mice and found that LPL in recipient mice contained a higher frequency of CD45.1^+^CD4^+^ T cells from PR8-infected CD45.1^+^ mice ([Fig. 6 I](#fig6){ref-type="fig"}). Moreover, PR8-specific CD4^+^ T cells were detected not only in lung but also in the small intestine after PR8 infection, as assessed by the IFN-γ ELISPOT plate ([Fig. 6 J](#fig6){ref-type="fig"}), and, in a parabiotic mice model, PR8 infection in one partner caused small intestinal injury to occur in a noninfected partner ([Fig. 6 K](#fig6){ref-type="fig"}). Thus, these data suggest that the CCL25--CCR9 axis mediates the recruitment of lung-derived effector CD4^+^ T cells into the small intestine as well as the alterations to the intestinal microbiota composition during influenza infection.

Lung-derived CD4^+^ T cells destroy microbiota homeostasis and promote resident Th17 cell polarization
------------------------------------------------------------------------------------------------------

As we found that lung-derived effector CD4^+^ T cells are recruited into the small intestine and alter the intestinal microbiota during influenza infection, we wondered how they influenced the intestinal microbiota composition and whether Th17 cells in the small intestine originated from the polarization of them. For the first question, IFN-γ expression was found to be significantly increased in lung CD4^+^ T cells after PR8 infection ([Fig. 7 A](#fig7){ref-type="fig"}). When IFN-γ was deficient, the mice exhibited reduced intestinal immune injury, normal IL-17A expression, and unchanged intestinal microbiota in the small intestine after PR8 infection ([Fig. 7, B--D](#fig7){ref-type="fig"}). Thus, these data suggest that lung-derived effector CD4^+^ T cells destroy the homeostasis of intestinal microbiota by secreting IFN-γ. For the second question, Th17 cells were not found to be increased in lung after PR8 infection ([Fig. 7 E](#fig7){ref-type="fig"}) and, although some CCR9^+^ Th17 cells were present in the small intestine, most Th17 cells (∼90%) exhibited a CCR9^−^ phenotype ([Fig. 7 F](#fig7){ref-type="fig"}). Meanwhile, Th17 cells were also not found increased in the mesenteric LNs, Peyer's patches, and blood ([Fig. 7 G](#fig7){ref-type="fig"}), and IL-17A levels in blood did not increased after PR8 infection ([Fig. 7 H](#fig7){ref-type="fig"}). More convincing evidences showed that *E. coli*--specific Th17 cells could be detected in the small intestine ([Fig. 7 I](#fig7){ref-type="fig"}), but PR8-specific Th17 cells could not be detected both in the lung and small intestine ([Fig. 7 J](#fig7){ref-type="fig"}). Thus, these data suggest that Th17 cell polarization, but not recruitment, occurs in the small intestine in situ during influenza infection.

![**Lung-derived CD4^+^ T cells influence microbiota and intestine injury by secreting IFN-γ.** (A) IFN-γ expression in CD4^+^ T cells from lung was detected by flow cytometry 6 d after PR8 infection in WT mice. (B) The pathology of small intestine was assayed at day 7 after PR8 infection in WT and IFN-γ^−/−^ mice, and tissue sections were stained with H&E. Bars, 100 µm. (C and D) IL-17A expression in the small intestine (C) and major bacterial groups in intestinal microbiota (D) were assayed at day 7 after PR8 infection in IFN-γ^−/−^ mice. (E and F) IL-17A expression in CD4^+^ T cells from lung (E) and the percentages of CCR9^−^ Th17 cells and CCR9^+^ Th17 cells in lung and LPL (F) were detected 6 d after PR8 infection in WT mice. (G) IL-17A expression in CD4^+^ T cells from mesenteric LNs, Peyer's patches, and blood was detected by flow cytometry 6 d after PR8 infection in WT mice. (H) IL-17A level in serum was detected by ELISA 6 d after PR8 infection in WT mice. (I) LPL from WT mice at day 6 after PR8 infection was stimulated by heat-killed *E. coli* in vitro; 24 h later, the expression of IL-17A in CD4^+^ T cells was detected by flow cytometry. (J) Lung lymphocytes and LPL from WT mice at day 6 after PR8 infection were stimulated by heat-killed PR8 in vitro; 24 h later, the expression of IL-17A in CD4^+^ T cells was detected by flow cytometry. Data represent three independent experiments with three mice/group in A--H or three wells/treatment in I and J. Data are expressed as mean ± SEM by a Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; NS: not significant.](JEM_20140625R_Fig7){#fig7}

Intestinal microbiota--induced IL-15 production promotes intestinal Th17 cell polarization
------------------------------------------------------------------------------------------

Because Th17 cell polarization occurs in the small intestine in situ during influenza infection, we next explore what kind of factors mediated this process. IL-6 expression in the small intestine was increased after PR8 infection, but IL-23 and TGF-β expressions were unchanged ([Fig. 8 A](#fig8){ref-type="fig"}). However, treating mice i.v. with a neutralizing anti--IL-6 antibody during PR8 infection could not reduce intestinal immune injury ([Fig. 8 B](#fig8){ref-type="fig"}). Thus, the increase of IL-6 is not the main reason for Th17 cell polarization in our study. IL-15 has been reported to contribute to intestinal inflammation in various mouse models ([@bib52]; [@bib43]) and, importantly, it has been shown to induce IL-17A expression in both mice and human CD4^+^ T lymphocytes ([@bib53]; [@bib8]). In our study, IL-15 expression in the small intestine, but not in serum, was up-regulated after PR8 infection ([Fig. 8 C](#fig8){ref-type="fig"}). Transferring intestinal microbiota from PR8-infected mice also increased IL-15 expression in the small intestine of recipient mice ([Fig. 8 D](#fig8){ref-type="fig"}). To explore whether IL-15 contributed to Th17 cell polarization in our study, we first assayed the expression of IL-15 receptor and found that intestinal CD4^+^ T cells expressed the IL-15 receptor after PR8 infection ([Fig. 8 E](#fig8){ref-type="fig"}). Next, treating mice with a neutralizing anti--IL-15 antibody during PR8 infection effectively reduced intestinal immune injury ([Fig. 8 F](#fig8){ref-type="fig"}). Thus, IL-15, which was induced by intestinal bacteria, contributes to intestinal immune injury during influenza infection. Further experiments showed that IL-15 neutralization inhibited IL-17A and IL-6 expression in the small intestine after PR8 infection ([Fig. 8 G](#fig8){ref-type="fig"}) and, consistent with the previous observations ([@bib53]; [@bib8]), exogenous IL-15 promoted IL-17A secretion in purified CD4^+^ T cells from LPL in vitro ([Fig. 8 H](#fig8){ref-type="fig"}), suggesting that intestinal bacteria--induced IL-15 might promote Th17 cell polarization in the small intestine in situ by a direct and/or indirect way. However, IL-15 neutralization did not influence the changes of the intestinal microbiota ([Fig. 8 I](#fig8){ref-type="fig"}), suggesting that IL-15 functioned upstream of IL-17A production but downstream of the change in microbiota after PR8 infection. Exploring the in vivo cellular sources of IL-15, high IL-15 expression was detected in IECs after PR8 infection ([Fig. 8 J](#fig8){ref-type="fig"}), suggesting that IECs might be an important source of IL-15 in the small intestine during influenza infection.

![**Intestinal microbiota induces Th17 cell polarization in situ via triggering IL-15 production.** (A) IL-6, IL-23, and TGF-β expressions in the small intestine were detected by real-time PCR 6 d after PR8 infection. (B) The pathology of lung and small intestine from control and anti--IL-6--treated mice was assayed 6 d after PR8 infection. (C) IL-15 expression in the small intestine and serum was detected 6 d after PR8 infection. (D) Transfer of intestinal microbiota from saline-treated or PR8-infected mice into healthy WT mice by the i.g. route. IL-15 expression in the small intestine was detected 6 d later. (E) IL-15Rα expression on CD4^+^ T cells in LPL from WT mice was detected at day 6 after PR8 infection. (F and G) C57BL/6 mice were i.p. treated with a neutralizing anti--IL-15 antibody during PR8 infection. The pathology of lung and small intestine (F) as well as IL-17A and IL-6 expressions in the small intestine were assayed 6 d after PR8 infection (G). (H) MACS-purified CD4^+^ T cells from LPL were stimulated by IL-15 in vitro, and IL-17A levels in supernatant were measured at days 2 and 3 by ELISA. (I) Major bacterial groups in the intestinal microbiota from control and anti--IL-15--treated mice were assayed by real-time PCR 6 d after PR8 infection. (J) IL-15 expression in IECs was detected 6 d after PR8 infection in WT mice. All tissue sections were stained with H&E. Bars, 100 µm. Data represent three independent experiments with three mice/group in A--G, I, and J or three wells/treatment in H. Data are expressed as mean ± SEM by a Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; NS: not significant.](JEM_20140625_Fig8){#fig8}

DISCUSSION
==========

Mucosal tissues, including the gastrointestinal, respiratory, and urogenital tracts, etc., are the first line of host defense against external invaders. Although much has been learned from studying each of these components individually, the mucosal immune system has not yet been examined from a holistic point of view as a system-wide organ ([@bib11]), as conceptualized by the common mucosal immune system hypothesis. Unexpectedly, we observed that respiratory influenza infection in mice caused immune injury not only in the lung but also specifically in the intestine, as it had no influence on the pathology in nonmucosal organs such as the liver or kidney. Because this resembles the symptoms exhibited by humans after influenza infection, these influenza virus--infected mice provide a good model in which to study the mechanisms underlying how respiratory influenza infection causes intestinal immune injury; furthermore, these observations provide further evidence to support the existence of a common mucosal immune system.

Pathogens extensively disseminate beyond the limits of the primary infection site in almost all cases of infectious diseases, particularly at the early stage of infection. Although some studies suggest that influenza virus disseminates into extrapulmonary tissues or organs during infection ([@bib20]), others contradict this finding ([@bib27]), and direct evidence for viral replication in extrapulmonary tissues or organs has not yet been shown ([@bib21]). It therefore remains a mystery how influenza infection can be associated with immune injury to extrapulmonary tissues or organs if these injuries are not induced by direct virus infection of these tissues or organs ([@bib40]; [@bib27]). In our mouse model of respiratory influenza infection, no influenza virus was detected in the small intestine, and i.g. administration of the influenza virus directly into the intestine did not lead to intestinal immune injury. Thus, the intestinal immune injury observed in our study was not directly caused by influenza infection of the intestine.

An explosive increase in neutrophils is responsible for influenza-induced acute lung injury and death. IL-17 is a potent regulator for the neutrophils recruitment. Previous studies have shown that respiratory influenza infection increases the IL-17A and IL-17F expressions in lung, and IL-17RA^−/−^ mice exhibit reduced lung injury and higher survival rates after influenza infection ([@bib4]; [@bib24]). In our mouse model of respiratory influenza infection, IL-17A and IL-17F expressions in lung also increased after infection, but IL-17A deficiency could not reduce influenza-induced lung injury. Thus, based on above results, we speculated that IL-17A and IL-17F played the same function during influenza infection, and IL-17F alone might be enough to function to activate IL-17RA and recruit neutrophils when IL-17A was deficiency.

Recruitment and infiltration of inflammatory cells into the gastrointestinal mucosa critically regulates the development as well as progression of IBD ([@bib48]). Differential expression of chemokine receptors and adhesion molecules on lymphocytes not only determine their migration into different tissues but also their localization within these tissues. CCL25 is constitutively expressed by the epithelium of the small intestine ([@bib39]), and the CCL25--CCR9 chemokine axis is considered to be one of the few non-promiscuous chemokine/receptor pairs involved in gut-specific migration of lymphocytes ([@bib46]). In our study, the percentage and number of CCR9^+^CD4^+^ T cells in both lung and small intestine increased after influenza infection, and neutralizing CCL25 with antibody treatment reduced CCR9^+^CD4^+^ T cell recruitment and intestinal immune injury. Thus, these data might explain why influenza infection specifically caused immune injury in the intestine, but not the liver or kidney, in our study.

IBD is a common disease characterized by severe inflammation of the intestine ([@bib14]). However, the exact causes of this disease remain unclear. Some studies suggest that IBD arises from dysregulated control of host--microorganism interactions. For example, patients with this disease have an increased number of epithelial cell surface--associated bacteria ([@bib47]), suggesting the failure of a mechanism designed to limit direct contact between the epithelium and the microbiota. Similarly, in our study, we also found that CCR9^+^CD4^+^ T cell recruitment correlated to intestinal inflammation by the following mechanism: the CCR9^+^CD4^+^ T cells destroyed the homeostasis of the intestinal microbiota, the altered microbiota then promoted Th17 cell polarization in the small intestine in situ, and the resulting IL-17A secretion finally mediated the intestinal immune injury.

This concept of the common mucosal immune system proposed by John Bienenstock suggests that the mucosal immune system may be considered as one large interconnected network ([@bib29]; [@bib30]), which is supported by some recent researches. For example, i.n. immunization results in vaginal protection against genital HSV-2 infection ([@bib33]), and antibiotics used in neonates increases the risk to develop asthma ([@bib45]). These findings suggest that potential exists for an undetermined link between mucosal immune components and that each component is efficient at sharing information distally ([@bib11]). In our study, we found that lung-derived virus-specific effector CCR9^+^CD4^+^ T cells were recruited into the small intestine and destroyed the homeostasis of intestinal microbiota by secreting IFN-γ after influenza infection. Thus, we speculated that the effector CCR9^+^CD4^+^ T cells might enter into the small intestine by a special way as described above and remained in the active state to secrete IFN-γ even in the absence of antigen stimulation.

The intestinal microbiota is extensively accepted in the field as a virtual metabolic organ in and of itself ([@bib35]). Beyond this role in metabolism, the intestinal microbiota has a conspicuous effect on host immune functions, as indicated by comparing immune responses between germ-free and conventional animals. A previous study showed that commensal SFBs induce IL-6 and IL-23 production to stimulate Th17 cell polarization ([@bib16]). However, in our mouse model of respiratory influenza infection, the number of SFB decreased while the number of *E. coli* increased in the intestinal tract after influenza infection; *E. coli* promoted IL-15 expression in IECs, and this IL-15 then promoted Th17 cell polarization. Moreover, overgrowth of existing strain and/or acquisition of new pathogenic strain are involved in *E. coli*--caused gastrointestinal symptoms ([@bib34]; [@bib36]). In our study, considering that the mice live in an SPF environment and that intestinal inflammation occurs in different kinds of mice, we think that the overgrowth of existing *E. coli* in the gut may be the primary cause for intestinal immune injury during influenza infection.

The function of IL-15 in regulation of Th17 responses has been studied extensively, but there are still some controversies. Some studies found that IL-15 induces IL-17A expression in both mice and human CD4^+^ T lymphocytes directly ([@bib53]; [@bib8]), which was also demonstrated in our study. However, another study showed that IL-15 inhibits Th17 cell polarization in a mouse model of EAE ([@bib38]). We thought that there were two main reasons to explain why IL-15 played the opposite effect in different mouse model: (1) the immuno-microenvironment in different mouse model is different; (2) IL-15 is reported to activate both STAT3 and STAT5 ([@bib17]), which is inferred either to inhibit or to promote Th17 cells.

MATERIALS AND METHODS
=====================

### Mice, virus, and bacteria.

Male C57BL/6 mice were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences. IFN-γ^−/−^, Tcrd^−/−^, and IL-17A^−/−^ mice were purchased from The Jackson Laboratory. All mice were housed under specific pathogen-free conditions at the School of Life Sciences, University of Science and Technology of China (USTC), and were used at 6--10 wk of age. Animal care and experimental procedures were followed in accordance with the experimental animal guidelines at USTC. Mouse-adapted influenza A/PR/8/34 strain (H1N1) was a gift from H. Meng (Institute of Basic Medicine, Shandong Academy of Medical Sciences, Shandong, China). For influenza infection studies, mice were anesthetized and infected i.n. with 0.1 HA of PR8 in 50 µl sterile saline. *E. coli* strain was isolated from stool of PR8-infected mice by the 3M Petrifilm *E. coli*/Coliform Count Plate and was cultured in broth medium for amplification. For *E. coli* infection, mice were anesthetized and infected i.g. with 5 × 10^8^ *E.coli* in 500 µl sterile saline.

### Histopathology.

Lung, small intestine, liver, and kidney tissues were removed and fixed immediately in 10% neutral-buffered formalin in PBS for \>24 h, embedded in paraffin, and cut into 5--7-µm sections. The sections were deparaffinized and stained with hematoxylin and eosin (H&E) to determine histological changes.

### Analysis of lung injury.

Lung leakage: 1 h before sacrificing mice, 20 mg/kg Evans blue dye was administered i.v. The lung was instilled with 1 ml of saline, and the BALF was collected. After centrifugation, Evans blue dye concentration in supernatant was determined by spectrophotometer at 620 nm. Total protein and lactic dehydrogenase in BALF: The lung was instilled with 1 ml saline, and the BALF was collected. After centrifugation, the level of total protein in supernatant was assayed by the BCA protein assay kit, and the level of lactic dehydrogenase in supernatant was assayed by ELISA kit (Cloud-Clone Corp).

### Analysis of liver and kidney function.

Serum from infected mice or control mice were collected and stored at −80°C until analysis. Liver function was determined by measuring serum ALT (alanine aminotransferase) using a commercially available kit (Rong Sheng). Kidney function was assessed by measuring serum BUN (blood urea nitrogen) using a commercially available kit (Jiancheng Bioengineering Institute).

### Determination of virus and bacteria.

Influenza virus in the lung and small intestine were detected by PCR. The primer sequences to detect the gene encoding the matrix protein within the influenza virus were as follows: 5′-GGACTGCAGCGTAGACGCTT-3′ (forward) and 5′-CATCCTGTTGTATATGAGGCCCAT-3′ (reverse). Intestinal bacterial genomic DNA was extracted from the stool using a stool kit (QIAGEN) according to the manufacturer's instruction (the optional high-temperature step was performed). The abundance of total and specific intestinal bacterial groups was measured by real-time PCR with corresponding 16S rDNA gene primers (Sangon Biotech; [Table S1](http://www.jem.org/cgi/content/full/jem.20140625/DC1){#supp1}). The number of *E. coli* in stool was detected by the 3M Petrifilm *E. coli*/Coliform Count Plate according to the manufacturer's instructions.

### Isolation of IEC, IEL, and LPL.

IECs were isolated as described in a previous study ([@bib51]). IELs and LPLs were isolated as previously described with minor modifications ([@bib5]; [@bib18]; [@bib7]). In brief, small intestines were harvested and washed with PBS, and mesentery and Peyer's patches were carefully dissected out. Intestines were opened longitudinally and then cut into 1-cm pieces. Intestinal pieces were incubated in 10 ml of extraction buffer (5% FCS, 1 mM DTT, and 5 mM EDTA in PBS) at 37°C for 30 min. The released cells were loaded onto a Percoll gradient and centrifuged. The cells at the interface of a 40/70% Percoll solution were collected and used as IELs. The remaining segments were incubated twice in extraction buffer to remove IELs and isolate LPLs. The tissue was digested with prewarmed complete RPMI1640 containing 2 mg/ml collagenase IV at 37°C for 60 min, loaded onto a Percoll gradient, and centrifuged. The cells at the interface of a 40/70% Percoll solution were collected and used as LPLs.

### Flow cytometry.

After blocking the Fc receptor with anti-CD16/CD32, single-cell suspensions were incubated with the fluorescently labeled mAbs at 4°C for 30 min in PBS and then washed twice. For intracellular cytokine staining, cells were first stimulated for 4 h at 37°C with 50 ng/ml PMA, 1 µg/ml ionomycin, and 10 µg/ml monensin (all from Sigma-Aldrich); cells were then stained for extracellular markers, fixed, permeabilized, and stained with the fluorescently labeled mAbs against the indicated intracellular cytokines or isotype control Abs. Samples were collected by a flow cytometer (LSR II; BD) and analyzed by FlowJo and WinMDI 2.9 software.

### Real-time PCR.

Total RNA was extracted from tissues using TRIzol (Invitrogen), and cDNA was then synthesized. Real-time PCR was performed according to the manufacturer's instructions using a SYBR Premix Ex Taq (Takara Bio Inc.). For analysis, target gene expression was normalized to the housekeeping gene β-actin. Gene expression values were then calculated using the mean from the control samples as a calibrator. Real-time PCR primers were synthesized by Sangon Biotech (Table S1).

### Neutralizing antibodies and antibiotic treatment.

For in vivo neutralization, the following neutralizing antibodies were administered: 100 µg/mouse anti--IL-17A (TC11-18H10.1), 100 µg/mouse anti-CCL25 (89818), 100 µg/mouse anti--IL-6 (MP5-20F3), or 100 µg/mouse anti--IL-15 (AIO.3) were administered into mice at days 0, 2, and 4 after PR8 infection. For in vivo cell depletion, 200 µg/mouse anti-NK1.1 was administered i.v. into mice 2 d before PR8 infection. For intestinal microbiota depletion, mice were treated with a mixture of antibiotics (1 mg/ml ampicillin, 0.5 mg/ml vancomycin, 1 mg/ml neomycin sulfate, and 1 mg/ml metronidazole \[Sangon Biotech\]) added to their drinking water beginning 4 wk before PR8 infection and continuing until sacrifice, as previously described ([@bib15]). For intestinal *E. coli* depletion, mice were treated with 1 mg/ml streptomycin (Sangon Biotech) added to their drinking water beginning 1 wk before PR8 infection and continuing until sacrifice. Antibiotic-containing water was changed twice a week.

### Microbiota transplantation.

Cecal contents from saline- or PR8-infected mice were suspended in 1 ml saline and were administered (0.5 ml per mouse) immediately to WT mice by the i.g. route. Transplanted mice were maintained in sterile cages and detected intestinal immune injury 7 d later.

### Transfer of T cells and PR8-specific CD4^+^ T cells assay.

For T cells transfer, 5 × 10^5^ CD4^+^ T cells from the lungs of saline- or PR8-infected CD45.1^+^ mice were adoptively transferred i.v. into WT CD45.2^+^ mice, and the percentage of CD45.1^+^CD4^+^ T cells in total CD4^+^ T cells in LPL from recipient CD45.2^+^ mice was detected 48 h later by flow cytometry. For PR8-specfic CD4^+^ T cells assay, CD4^+^ T cells in the lung and LPL from saline-treated and PR8-infected mice were purified 6 d later by MACS and then co-cultured with antigen-presenting cells and heat-killed PR8 in an IFN-γ ELISPOT plate. The number of positive spots was counted 20 h later according to the manufacturer's instructions.

### Statistical analysis.

A two-tailed Student's *t* test was used for statistical analyses. Data were expressed as the mean ± SEM, and the data were considered statistically significant when differences achieved values of P \< 0.05.

### Online supplemental material.

Table S1 shows primers used for real-time PCR. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20140625/DC1>.
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